A theoretical model is developed of the effect on the spread of flames over the surface of a thick solid combustible, of the velocity and oxygen concentration of a gas flow opposing the direction of the spread. In the analysis the transient, reactive, gas phase balance equations of energy and species coupled at the interface to the solid phase energy equation are solved numerically to predict the flame spread rate and flame structure dependence on the characteristics of the flow. The calculations for P~~~A agree with previous experimental results predicting a spread rate that, for a fixed oxygen concentration, first increases, reaches a maximum and then decreases as the flow velocity is increased. The analysis shows that this behavior is the result of the interaction of two controlling mechanisms: a flame to fuel heat transfer mechanism that dominates at low flow velocities and/or high oxygen concentrations, and a gas phase chemical kinetics mechanism that dominates at high velocities and/or low oxygen concentrations.
INTRODUCTION
Experimental studies conducted during the past few years on the process of flame spread over solid combustibles have resulted in a considerable new understanding of its controlling mechanisms !l]. Particularly significant were the studies of the dependence of the flame spread rate on the velocity and oxygen concentration of an opposed gas flow [21 and on the buoyancy and ambient oxygen concentration [3, 4] .
Through phenomenological arguments and semi-empirical nondimensional correlations of these measurements, the above authors postulated that the opposed flow flame spread rate is controlled by the interaction between processes dominated by heat transfer from the flame to the solid and by gas phase chemical kinetics. In the heat transfer dominated regime the spread rate increases with the flow velocity, and in the chemically controlled regime it decreases. The transition from one to the other regime is characterized by a weak dependence of the spread rate on the flow velocity.
The theoretical predictions of these and other experimental flame spread observations have been, to date, only moderately successful due rate is infinitely fast. The analyses of Ref. [6] [7] [8] [9] in particular seem to predict the flame spread rate dependence on the flow properties well, at least qualitatively, in the heat transfer dominated regime. The models that predict best the chemically controlled regime are all numerical analyses. Notable are the analyses of Ref. [10] for flame spread over a thermally thin fuel and of Ref.
[II] for a thermally thick fuel. The analyses, however, have been employed to simulate flame spread for low values of the oxygen concentration and consequently only the behavior of the spread rate for the chemically controlled regime is predicted. The present work extends the analysis of Ref.
[10] to describe the flame spread behavior in both the thermally and the chemically controlled regimes.
MODEL
The problem considered is that of a flame spreading over the surface of a thick solid combustible in an oxidizing gas flow opposing the direction of flame propagation. The gas phase reaction is modeled using a one-step second order Arrhenius rate so that finite rate chemical kinetics effects can be described at least qualitatively. The solid phase heat transfer processes are modeled through the energy equation in its non-reactive, constant properties form. The pyrolysis of the fuel is assumed to be a surface process and to behave as a zero order Arrhenius reaction. Thus, the common assumption of constant gasification temperature is not needed here. No surface oxidation reaction [12] , or radiation to or from the surface are considered in the model, and regression of the pyrolyzing surface is neglected.
The mathematical solution of the problem is further simplified by prescribing the flow field, neglecting buoyancy and assuming constant gas properties and pressure. This eliminates the need for using the momentum conservation equations which complicate the mathematical solution of the problem significantly. The velocity profile assigned in this work is that for a Hagen-Poiseuille flow in a channel, one of whose walls is made by the solid fuel. Because of these simplifications, the description of the flame structure, particularly near its leading edge and everywhere at short times after ignition, can only be considered as qualitative. Comparison of the descriptions of the flame structure obtained with this analysis with those obtained with more complicated analyses that do not use the above simplifications [13, 14] show that the present analysis describes qualitatively well the flame structure although there are some important localized differences. An important effect not described here is the generation by gas expansion effects of a region of elevated pressure upstream from the flame leading edge [13] . This causes the outward deflection of the flow near the flame front, and consequently the effective r'educ t r on of the gas velocity encountered by the flame at its leading edge. 'I'hua , for the same gas velocity at the flame leading edge, the actual velocity profile will have a larger maximum velocity than that of the corresponding Hagen-Poiseuille profile. Another effect not considered in the model is the flame induced buoyancy flow. This effect is particularly important at low flow velocities where the velocity of the induced flow can be even larger than that of the pure forced flow. Thus the predictions of the present model for very low flow velocity, can not be compared with experimental results unless they are obtained in a microgravity environment. Finally, the neglection of surface radiation should affect the predictive capabili-ties of the model at near extinction conditions since surface radiation is a possible cause for extinction.
With the above assumptions, the governing equations that describe the problem are the transient, reactive gas phase energy and species conservation equations and the transient, inert, solid phase energy equation. With the coordinate system fixed to the solid these equations are:
where w = -AgexP(-Eg/RT g) YOY F The initiation of the flame spread process is simulated by imposing a radiant flux over a small portion of the solid surface at its downstream edge. Once the flame spread process is initiated the external radiation is discontinued. The system of non-linear coupled differential equations (1) to (4) with their initial and boundary conditions are solved numerically using the finite difference method reported in (15] . The time steps are based on the low characteristic time of the problem. A step size of 2.5 10-2rum from the surface up to y = 1 rum, followed by a linear variation to 9.4 lo-lmm for y = 10 rum, together with a step size along the x direction of 1.4 10-1rum have been found to be sUfficiently small that a further reduction of the step size does not change the computed results.
RESULTS
The dependence on the opposed flow velocity and oxygen concentration of the rate of flame spread over a PMMA slabs is examined [2! are also included in the figure. It is seen that the analysis describes qualitatively well the experimental results, predicting a spread rate, that for a given oxygen concentration, varies with the flow velocity first increasing and then decreasing as the flow velocity increases. For a given flow velocity the spread rate increases with the oxygen concentration and the location of the maximum is also displaced toward the higher velocity region as the oxygen concentration increases. The major quantitat = discrepancies between the theory and the experiments occur in thr 2ry low and very large velocity regions. As it was indicated before is is to be expected given the simplifications introduced in the model. In the experiments, at very low forced flow velo-city the flame induced buoyancy flow is dominant, and since for a given oxygen concentration, the induced velocity is approximately constant so is the spread rate [21. The model does not consider buoyancy and consequently this region is not described by the analysis. Instead, a continuosly increasing spread rate with the velocity is predicted as it is expected to occur in a zero gravity environment.
In the high velocity region where the spread rate decreases as the velocity increases, the spread rate is controlled by gas phase chemical ki.netics. Consequently, it is very sensitive to the gas velocity because of the strong dependence of the Damkohler number on the velocity {2,41. The model, however, does not describe well the velocity field in the vi.cinity of the flame leading edge. Nor does it describe the deceleration of the velocity in the front of the leading edge of the flame caused by the gas phase expansion in this region [13] . Another factor is that the experiments of Ref.
[21 were conducted in a channel 40 mm deep while the model considers a 10 rom channel, which for the same maximum flow velocity results in a higher calculated velocity near the wall. The result is that in the analysis the flame leading edge encounters a higher velocity than it would be encountered in experiments performed for the same maximum flow velocity. Consequently, the predicted spread rates are smaller than those measured. This feature of the model can also be interpreted as the analysis giving too much emphasis to the chemical kinetic aspect of the problem, and thus effectively displacing the predicted chemically controlled region toward regions of low gas velocity. This is further corroborated by the results of a case specifically calculated for this purpose with a gas reaction rate pre-exponential factor lE+6 time larger. An oxygen mass fraction of 0.23 was used for these calculations and the results are presented in Fig. 1 . It is seen that the calculated spread rate variation with the gas velocity follows this trend, thus corroborating the above arguments. Very large differences, at high velocities, are shown for the case of oxygen mass fraction equal to 0.533. This cannot be attributed only to the assigned flow field but it may be due to the kinetic model employed for the gas phase combustion. First, the present kinetic model is very simple and, second, the data employed for the global reaction have been determined for air and they may not be valied for higher oxygen concentrations.
For intermediate gas flow velocities the flame spread rate is controlled by the transfer of heat from the flame to the solid [2, 41 which is less sensitive to the relatively small variations of the velocity profile. Thus in this range of velocities, the analysis should describe quantitatively better the spread of the flame. This is seen from the results presented in Fig. 1 and most particularly from those of Fig. 2 where the variation of the spread rate with oxygen concentration is presented. The gas velocity selected for these last calculations, 0.45 m/sec, is comparable to that induced naturally by the flame, and consequently the lowest possible for a meaningful comparison with the experiments. It is seen that the analysis predicts extremely well the variation of the spread rate with the ambient oxygen concentration, again emphasizing the predictive capability of the model.
Controlling Mechan t sms of Opposed Flow Flame Spread
The results of the analysis can also be used to describe the mechanisms controlling the flame spread process, and thus to verify the phe-nomenological arguments used to explain the experimental results in [1] [2] [3] [4] . The surface heat flux provides information about the transfer of heat from the flame to the solid, and thus it can be used to analyze the thermal aspects of the flame spread process. It varies along the solid surface and has a maximum in the region where the chemical reaction starts to increase rapidly. The location of this maximum is taken as the flame leading edge location [10, 13] . The variation of the maximum surface heat flux with the flow velocity is presented in Fig. 3 for the three cases of oxygen concentration considered here. It is seen that for a given flow velocity the heat flux increases with oxygen concentration. This is due primarily to the increase in flame temperature and results in the increase of the flame spread rate with the oxygen concentration. For all oxygen concentrations the heat flux increases with the flow velocity. As it will be shown later, this is due to the flame moving closer to the fuel surface, and to a moderate increase of the flame temperature. The flame temperature increase is the result of a larger fuel concentration at the reaction zone produced by an increase of the gasification rate. The monotonic increase of the heat flux with the flow velocity indicates that the spread rate should increase also monotonically with the opposed flow velocity. This is in agreement with the predictions of the thermal models of flame spread [5] and should be the result obtained with this analysis if the chemical reaction rate is infinite. A partial verification of this aspect of the problem was presented in Fig. 1 through the calculations of the spread rate dependence on the reaction rate pre-exponential factor.
The surface temperature also provides important information about the flame spread process. It can be used to deduce the extent of the solid heated region and by substitution into the pyrolysis rate expression to calculate the gasification rate. The predicted surface temperature is not constant in the pyrolysis zone, instead it increases slightly reaching a maximum near the flame leading edge and then decreases rapidly in front of the flame [11] . The gasification rate follows a similar trend but is magnified because of the exponential dependence of the pyrolysis rate on the surface temperature. The calculations of the variation of the maximum surface temperature with the flow velocity show that the temperature increases with the flow velocity, sharply at first and then slowly for large flow velocities. The surface heat flux follows the same trend. Both the surface temperature and heat flux increase with oxygen concentration. The results agree qualitatively with the experimental results of Ref. [16] . They also confirm that an increase in the velocity and oxygen concentration of the flow results in an increase of the heat transfer from the flame to the fuel and of the gasification rate of the solid combustible. Both effects tend to increase the rate of flame spread.
To explain the mechanisms leading to the decrease of the flame spread rate with the opposed flow velocity it is necessary to analyze the effect of the flow velocity on the flame structure, and its interaction with the solid phase. In Fig. 3 the predicted gas and solid phase isotherm fields are presented for a flow with oxygen mass fraction 0.533 and flow velocity 0.20, 1.40 and 3.50 m/s. The cases with velocities of 0.20 and 3.50 m/s have approximately the same spread rate but are respectively in the thermal and chemically controlled regimes (Fig. 1) . The case with a velocity of 1.40 m/s corresponds approximately to the maximum spread rate. For comparison purposes the location of the maximum surface heat flux, identified here as the location of the flame leading edge, is also included in the figure. It is seen that as the FIGURE 3. Gas and solid phase isotherm field for a flow with oxygen mass fraction of 0.533 and velocity: a) 20 cm/s, b) 140 cm/s, c) 350 cm/s. The external isotherm, for the solid phase, is 400 K and the increment is 100 K; for the gas phase, the external isotherm is 900 K and the increment is 600 K.
flow velocity increases the flame moves closer to the surface. This results in larger normal temperature gradients, and consequently heat fluxes, at the solid surface. As the flow velocity is increased the longitudinal temperature gradients also become larger due to the opposition of the flow to the upstream conduction of heat by the flame. With regard to the slowing effect of the flow on the flame spread, it is more informative to compare the relative positions of the gas and solid phases thermal layers and the overall structure of the flame at its leading edge. From the results presented in Fig. 4 it is seen that as the flow velocity is increased the upstream edge of the gas thermal layer recedes with respect to the corresponding edge in the solid layer. Thus, the effect is basically that of the flow pushing back the flame, i.e., whether the flame advances or recedes depends on the relative magnitude between the burning velocity and the flow velocity 118].
This concept can also be interpreted in terms of the ratio of the flow to the chemical time, i.e., the Damkohler number. The flow time is given in this case by the ratio of the heated length ahead of the flame to the flow velocity. Referring again to Fig. 4 , it is seen that the upstream heated length decreases as the velocity increases, which results in the flow time decreasing strongly with the flow velocity. The chemical time, which is inversely proportional to the reaction rate, decreases because of the increase in the fuel concentration with the flow velocity, but only slightly. The result is a decrease of the Damkohler number with the flow velocity which leads to a decrease in the spread rate. The decrease of the Damkohler number can be clearly seen from the fuel and oxygen concentration profiles presented in Fig. 4 .
Observation of the concentration profile upstream from the flame leading edge shows that a reduction in the Damkohler number results in the leakage of fuel through the reaction and its diffusion upstream. Whether this decreasing effect of the flow on the chemical reaction will affect the spread rate or not depends on the relative magnitude of the chemical and flow time. If the chemical time is much smaller than the flow time, the spread of the flame will be controlled by the rate of fuel gasification, i.e., by the heat transfer from the flame to the fuel. On the other hand, if the chemical time is of the same order as the flow time, the spread of the flame will be controlled by the rate at which the fuel can be consumed, i.e., by chemical kinetics.
This is further verified by the comparison of the isotherm fields presented in Fig. 5 for the two cases at the same flow velocities (0.80 m/s) but oxygen mass fraction of 0.533 and 0.23. The former one is in the thermally controlled regime while the latter is in the chemically controlled regime (Fig. 1) . The reaction rate for the 0.533 oxygen mass fraction is of the order of ten times larger than that for 0.23 mass fraction, and as it can be seen from the results of Fig. 5 , in the high concentration case the gas thermal layer leading edge is approximately at the same position as the corresponding point in the solid. On the other hand for the 0.23 mass fraction case, the gas thermal layer leading edge is behind that in the solid. FIGURE 5. Gas and solid phase isotherm field for a flow velocity of 80 cm/s and oxygen mass fraction of: a) 0.23 and b) 0.533. The external isotherm, for the solid phase, is 400 K and the increment is 100 K; for the gas phase, the external isotherm is 900 K and the increment is 600 K.
CONCLUDING REMARKS
The analysis developed in this work of the spread of flame a over the surface of a thick solid combustible in an opposed forced flow represents an important step forward in the modeling of the flame spread process. The results of the analysis show a complex interaction between gas phase chemical kinetic mechanisms and flame to solid heat transfer processes. Through the predictions of the flame structure, the solid thermal field and the interface variables it was possible to theoretically verify the phenomenological arguments and semi-empirical correlations used to explain the nature of the experimental measurements and the controlling mechanisms of the process. The complete solution of the problem, however, is too complicated and may not be achieved in the immediate future. It should include, among others, the detailed analysis of the flow field, buoyancy, flame and surface radiation, multiple reactions chemical kinetics, turbulence, material charring or in depth pyrolysis. The inclusion of each one of these processes introduces major complexities to the solution of the problem. The results of this analysis, however, are most encouraging and indicate the direction to follow in order to completely solve the problem.
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